Abstract: Ferroalloys are integral constituents of the steelmaking process, since non-metallic inclusions (NMIs) from ferroalloys significantly influence the transformation of inclusions present in liquid steel or they are directly involved in casted steel. In this study, the characteristics of inclusions (such as the number, morphology, size, and composition) in different industrial ferroalloys (FeV, FeMo, FeB, and FeCr) were investigated using the electrolytic extraction (EE) technique. After extraction from the ferroalloy samples and filtration of the solution, the inclusions were investigated on a film filter. The three-dimensional (3D) investigations were conducted using a scanning electron microscopy in combination with energy dispersive spectroscopy (SEM-EDS). The characteristics of inclusions observed in the ferroalloys were compared with previous results and discussed with respect to their possible behaviors in the melt and their effects on the quality of the cast steels. The particle size distributions and floatation distances were plotted for the main inclusion types. The results showed that the most harmful inclusions in the ferroalloys investigated are the following: pure 
Introduction
Since the cleanliness of steel largely depends on the secondary refining process, one of its main aims is to control the non-metallic inclusion (NMI) contents in steel. In order to improve the cleanliness of steel, it is important to locate the origin of the NMIs and to control them. The main origin of the NMIs is the added materials, including ferroalloys, which are indispensable materials for deoxidation and alloying of different steel grades, used to achieve the desired chemical and physical properties. Therefore, these materials greatly influence the steel quality and the economics of steelmaking. With regard to the ferroalloy production processes, it is known [1] that impurities like Ca, S, Al, and O are inevitable in ferroalloys. As a result, the major alloying elements, as well as the impurities after the additions of ferroalloys in the melt, form new endogenous NMIs as a result of chemical reactions between elements in the ferroalloys and the liquid steels. Moreover, there can be an inadvertent entry of exogenous inclusions present in ferroalloys to the molten steel. This is especially important when ferroalloys are added during the late stage of the ladle metallurgy process. The requirement for steel cleanliness continues to increase, and therefore the NMIs from ferroalloys are studied in greater depth. In addition, in order to meet the composition requirements without increasing the refining time, high-purity ferroalloys are needed.
The cleanliness of ferroalloys and the effect of impurities in different ferroalloys on the final steel quality are important topics for the production of alloyed clean steels and are also areas where
Materials and Methods
The investigations of NMIs in this study were carried out using four types of commercial ferroalloys: FeV, FeMo, FeB, and three samples of low carbon FeCr alloys (FeCr-1, FeCr-2, FeCr-3). The typical chemical compositions of these ferroalloys are presented in Table 1 . The residual element content is Fe. The electrolytic extraction (EE) method was applied for the extraction of inclusion particles from the metal matrix. The electrolytic extraction of the ferroalloys was carried out using a 10% AA (10 v/v% acetylacetone, 1 w/v% tetramethylammonium chloride-methanol) electrolyte. For electrolytic dissolution of the selected ferroalloys, the following parameters were used: electric currents between 60-70 mA, voltages between 4.2-5.0 V, and a charge of 500 coulombs. The total weight of a dissolved ferroalloy during the EE varied from 0.04 to 0.08 g. After extraction, the solution containing inclusions was filtrated through a polycarbonate (PC) membrane film filter (Whatman, Uppsala, Sweden) with an open pore size of 0.4 µm. Thereafter, the characteristics (morphology, size, number, and composition) of the extracted inclusions were investigated using SEM in combination with EDS. The total observed area of film filter for different samples varied from 3.88 to 7.98 mm 2 .
Metals 2019, 9, 687 3 of 16 The average size of non-spherical inclusions (d V ) was calculated according to Equation (1) :
where L max and W max are the maximum length and width of the investigated inclusion measured by Image-pro plus 6.0 software (Media Cybernetics, Inc., Rockville, MD, USA), respectively. The number of inclusions per unit volume (N V ) was calculated using Equation (2) [2] :
where n is the number of inclusions in the appropriate size interval, A f ilter is the area of the film filter with inclusions (1200 mm 2 ), A observed is the total observed area on film filter, ρ f erroalloy is the density of the ferroalloy matrix, and W dissolved is the dissolved weight of the ferroalloy during extraction. The floatation velocity of inclusions was estimated using Stokes' law [14] , as expressed by Equation (3) .
where V is the flotation velocity of the inclusion, g is the gravitational acceleration (9.81 m s −2 ), µ is the dynamic viscosity of liquid steel (0.005 m Pa s) [14] , d is the diameter of the spherical inclusion, and ρ Fe (7000 kg m −3 ) and ρ NMI are the densities of liquid steel and inclusion, respectively. In this study, the ρ NMI values were taken as 3950 kg m −3 for Al 2 O 3 [15] , 2648 kg m −3 for SiO 2 [16] , 4930 kg m −3 for Cr-Mn-O [17] , 2190 kg m −3 for Si-Al-Mg-O, 2500 kg m −3 for Al-Si-Ca-Mg-O and 2700 kg m −3 for Si-Al-O [18] . The different types of inclusions will be described in detail later.
The relationship between the flotation distance (D) of inclusions in the ladle and the flotation time (t) was calculated using Equation (4) :
The melting points of inclusions were calculated based on the average compositions in the equilibrium mode using the thermodynamic software Factsage 7.1 (Thermfact Ltd./CRCT, Montreal, Canada and GTT-Technologies, Herzogenrath, Germany).
Results and Discussion

Inclusions in FeV Alloys
Vanadium is mainly used as an alloying additive in steel to promote the formation of a finer grain size, increased hardenability, and improved wear resistance through the precipitation of its carbides and nitrides [19, 20] . By far the largest application of vanadium is as a potent microalloying strengthener in high strength low alloy (HSLA) steels (0.05 to 0.15% V). The tool and die steels are second only to the HSLA grades in terms of vanadium consumption, but they may contain as little as 0.30% of V to enable grain size control during the austenitizing operation. Ferrovanadium is usually added to the ladle after deoxidation is completed and it should be added when the ladle is one-quarter to three-quarters full [21] .
Typical SEM photographs, size ranges, compositions, and frequencies (in percentage) of different NMIs observed after the EE of FeV alloys are shown in Table 2 . Overall, six types of inclusions are observed in the FeV alloys, namely, VC, Al-O, Al-Mg-O, Al-Ca-O, Si-O, and Al-Si-O. The type A inclusions are made up of pure vanadium carbides and are further divided into two groups according to their morphology, namely, a rod-like type A1 and a plate-like type A2. The range in size of type A1 inclusions is much larger (about eight times) than that of type A2 inclusions. In addition, the small sizes of type A1 vanadium carbides are found in all of the photographs which means vanadium carbide is the most common inclusion type in FeV alloys. The type B inclusions are pure Al 2 O 3 which are present as plate-like type B1 and irregular type B2 inclusions. As shown in Table 2 , type B1 (9-77 µm) inclusions are much larger than type B2 (3-18 µm). Type C inclusions are irregular calcium aluminates with a high Al 2 O 3 content (81-92%), which are solid at steelmaking temperatures. Moreover, type D inclusions are irregularly-shaped spinel inclusions and their range of size is similar to that of type C inclusions.
The type E and type F inclusions are irregular pure SiO 2 and aluminosilicate inclusions, respectively. The majority of the different types of oxide inclusions are type B inclusions (∽76%). In addition, an irregular type B2 inclusion is the most common Al2O3 inclusion (∽51%). This is followed by type D inclusions (∽10%), type C inclusions (∽7%), and finally type E (∽5%) and type F inclusions (∽2%). All in all, high melting point inclusions, which consist of pure Al2O3 (type B) and high Al2O3-containing (type C and type D) inclusions, account for 93% of the total inclusions. Figure 1 shows the size distributions of type B, C, and D inclusions. We see that the number of type B2 inclusions per unit volume is much larger (about four times) as compared with type C and type D inclusions in the range of size of 1-18 µm. Whereas, the size range for type B1 inclusions is much wider as compared with the other types of inclusions. Moreover, the size range is similar for type C and type D inclusions and the average size of these two types of inclusions is about 6-7 µm. The majority of the different types of oxide inclusions are type B inclusions (∽76%). In addition, an irregular type B2 inclusion is the most common Al2O3 inclusion (∽51%). This is followed by type D inclusions (∽10%), type C inclusions (∽7%), and finally type E (∽5%) and type F inclusions (∽2%). All in all, high melting point inclusions, which consist of pure Al2O3 (type B) and high Al2O3-containing (type C and type D) inclusions, account for 93% of the total inclusions. Figure 1 shows the size distributions of type B, C, and D inclusions. We see that the number of type B2 inclusions per unit volume is much larger (about four times) as compared with type C and type D inclusions in the range of size of 1-18 µm. Whereas, the size range for type B1 inclusions is much wider as compared with the other types of inclusions. Moreover, the size range is similar for type C and type D inclusions and the average size of these two types of inclusions is about 6-7 µm. The majority of the different types of oxide inclusions are type B inclusions (∽76%). In addition, an irregular type B2 inclusion is the most common Al2O3 inclusion (∽51%). This is followed by type D inclusions (∽10%), type C inclusions (∽7%), and finally type E (∽5%) and type F inclusions (∽2%). All in all, high melting point inclusions, which consist of pure Al2O3 (type B) and high Al2O3-containing (type C and type D) inclusions, account for 93% of the total inclusions. Figure 1 shows the size distributions of type B, C, and D inclusions. We see that the number of type B2 inclusions per unit volume is much larger (about four times) as compared with type C and type D inclusions in the range of size of 1-18 µm. Whereas, the size range for type B1 inclusions is much wider as compared with the other types of inclusions. Moreover, the size range is similar for type C and type D inclusions and the average size of these two types of inclusions is about 6-7 µm. The majority of the different types of oxide inclusions are type B inclusions (∽76%). In addition, an irregular type B2 inclusion is the most common Al2O3 inclusion (∽51%). This is followed by type D inclusions (∽10%), type C inclusions (∽7%), and finally type E (∽5%) and type F inclusions (∽2%). All in all, high melting point inclusions, which consist of pure Al2O3 (type B) and high Al2O3-containing (type C and type D) inclusions, account for 93% of the total inclusions. Figure 1 shows the size distributions of type B, C, and D inclusions. We see that the number of type B2 inclusions per unit volume is much larger (about four times) as compared with type C and type D inclusions in the range of size of 1-18 µm. Whereas, the size range for type B1 inclusions is much wider as compared with the other types of inclusions. Moreover, the size range is similar for type C and type D inclusions and the average size of these two types of inclusions is about 6-7 µm. The majority of the different types of oxide inclusions are type B inclusions (∽76%). In addition, an irregular type B2 inclusion is the most common Al2O3 inclusion (∽51%). This is followed by type D inclusions (∽10%), type C inclusions (∽7%), and finally type E (∽5%) and type F inclusions (∽2%). All in all, high melting point inclusions, which consist of pure Al2O3 (type B) and high Al2O3-containing (type C and type D) inclusions, account for 93% of the total inclusions. Figure 1 shows the size distributions of type B, C, and D inclusions. We see that the number of type B2 inclusions per unit volume is much larger (about four times) as compared with type C and type D inclusions in the range of size of 1-18 µm. Whereas, the size range for type B1 inclusions is much wider as compared with the other types of inclusions. Moreover, the size range is similar for type C and type D inclusions and the average size of these two types of inclusions is about 6-7 µm. The majority of the different types of oxide inclusions are type B inclusions (∽76%). In addition, an irregular type B2 inclusion is the most common Al2O3 inclusion (∽51%). This is followed by type D inclusions (∽10%), type C inclusions (∽7%), and finally type E (∽5%) and type F inclusions (∽2%). All in all, high melting point inclusions, which consist of pure Al2O3 (type B) and high Al2O3-containing (type C and type D) inclusions, account for 93% of the total inclusions. Figure 1 shows the size distributions of type B, C, and D inclusions. We see that the number of type B2 inclusions per unit volume is much larger (about four times) as compared with type C and type D inclusions in the range of size of 1-18 µm. Whereas, the size range for type B1 inclusions is much wider as compared with the other types of inclusions. Moreover, the size range is similar for type C and type D inclusions and the average size of these two types of inclusions is about 6-7 µm. The majority of the different types of oxide inclusions are type B inclusions (∽76%). In addition, an irregular type B2 inclusion is the most common Al2O3 inclusion (∽51%). This is followed by type D inclusions (∽10%), type C inclusions (∽7%), and finally type E (∽5%) and type F inclusions (∽2%). All in all, high melting point inclusions, which consist of pure Al2O3 (type B) and high Al2O3-containing (type C and type D) inclusions, account for 93% of the total inclusions. Figure 1 shows the size distributions of type B, C, and D inclusions. We see that the number of type B2 inclusions per unit volume is much larger (about four times) as compared with type C and type D inclusions in the range of size of 1-18 µm. Whereas, the size range for type B1 inclusions is much wider as compared with the other types of inclusions. Moreover, the size range is similar for type C and type D inclusions and the average size of these two types of inclusions is about 6-7 µm. The majority of the different types of oxide inclusions are type B inclusions (∽76%). In addition, an irregular type B2 inclusion is the most common Al2O3 inclusion (∽51%). This is followed by type D inclusions (∽10%), type C inclusions (∽7%), and finally type E (∽5%) and type F inclusions (∽2%). All in all, high melting point inclusions, which consist of pure Al2O3 (type B) and high Al2O3-containing (type C and type D) inclusions, account for 93% of the total inclusions. Figure 1 shows the size distributions of type B, C, and D inclusions. We see that the number of type B2 inclusions per unit volume is much larger (about four times) as compared with type C and type D inclusions in the range of size of 1-18 µm. Whereas, the size range for type B1 inclusions is much wider as compared with the other types of inclusions. Moreover, the size range is similar for type C and type D inclusions and the average size of these two types of inclusions is about 6-7 µm. The majority of the different types of oxide inclusions are type B inclusions (~76%). In addition, an irregular type B2 inclusion is the most common Al 2 O 3 inclusion (~51%). This is followed by type D inclusions (~10%), type C inclusions (~7%), and finally type E (~5%) and type F inclusions (~2%). All in all, high melting point inclusions, which consist of pure Al 2 O 3 (type B) and high Al 2 O 3 -containing (type C and type D) inclusions, account for 93% of the total inclusions. Figure 1 shows the size distributions of type B, C, and D inclusions. We see that the number of type B2 inclusions per unit volume is much larger (about four times) as compared with type C and type D inclusions in the range of size of 1-18 µm. Whereas, the size range for type B1 inclusions is much wider as compared with the other types of inclusions. Moreover, the size range is similar for type C and type D inclusions and the average size of these two types of inclusions is about 6-7 µm.
Basically, FeV alloys which contain as much as 80 wt% vanadium are produced by an aluminothermic reduction. This process differs from the carbon and silicon reduction processes in that the reaction is highly exothermic, which enables a low carbon content in FeV alloys [22] . The low carbon content (~0.201%) and high Al content (~3%), as shown in Table 1 , support this conclusion. The basic raw materials for the production of FeV alloys are vanadium pentoxide, aluminum powder, iron, or steel scrap and lime. The process is improved with some additions of magnesia, calcium carbide, silicon, or carbon. Therefore, a large amount of Al 2 O 3 inclusions originate from the high Al content during the process. In addition, other high Al 2 O 3 -contained inclusions are closely related to the production process. Basically, FeV alloys which contain as much as 80 wt% vanadium are produced by an aluminothermic reduction. This process differs from the carbon and silicon reduction processes in that the reaction is highly exothermic, which enables a low carbon content in FeV alloys [22] . The low carbon content (∽0.201%) and high Al content (∽3%), as shown in Table 1 , support this conclusion. The basic raw materials for the production of FeV alloys are vanadium pentoxide, aluminum powder, iron, or steel scrap and lime. The process is improved with some additions of magnesia, calcium carbide, silicon, or carbon. Therefore, a large amount of Al2O3 inclusions originate from the high Al content during the process. In addition, other high Al2O3-contained inclusions are closely related to the production process.
Previous studies [2, 5] have reported that impurities in ferroalloys are part of inclusions in the steel. In general, these impurities are made up of the total oxygen, sulfur and phosphorous, trace element impurities and inclusions. A high O content (∽0.714%) in FeV alloys can cause an increase in the total oxygen content of the steel. This indicates that a large number of inclusions are possibly introduced by the addition of these FeV alloys to a steel melt. The presence of elements such as Al (∽3%) and Ca (∽0.25%), which have a strong affinity to oxygen, can lead to the formation of complex inclusions depending on the specific conditions, and therefore special attention should be given to elemental control during the production process of FeV alloys.
Apart from the effect of the O content and trace elements, the inclusions play a major role in the quality of the steel. The most common inclusion type (VC) may be precipitated during the solidification process of the melted alloy. Most of the presented V carbides in FeV are easily dissolved at high temperatures during the steelmaking process.
In principle, the inclusions from FeV alloys which are larger than a certain size can easily float up after the addition of a FeV alloy to a melt. There are different mechanisms for inclusion removal from liquid steel. Gas and electromagnetic stirring of the melt during the ladle treatment significantly increases the removal rate of non-metallic inclusions due to turbulent collisions and separations of inclusions in the slag by the bulk flow. However, the liquid steel in the ladle is not commonly stirred during transport after the ladle treatment is completed. In this case, the flotation of different nonmetallic inclusions in the liquid steel is estimated applying Stoke's law. The calculation results of the flotation distance for Al2O3 and SiO2 inclusions are shown in Figure 2 . Clearly, the flotation distance increases dramatically with an increased diameter of the inclusion. By assuming that the melt depth in the ladle is 2 m, Al2O3 inclusions ( Figure 2a ) larger than 71 µm float up during a 20 min treatment. Therefore, a large amount of Al2O3 inclusions present in FeV alloys stay in the steel melt without a forced stirring. It is well known that Al2O3 inclusions significantly affect the mechanical properties in a negative manner, as well as result in the generation of surface defects [23] . Furthermore, the problem of nozzle clogging in casting operations is frequently related to the presence of solid Al2O3 inclusions [24] . Similarly, solid CaO-Al2O3 (type C) and MgO-Al2O3 (type D) inclusions are also inherited in the steel. Previous studies [25, 26] have reported that solid CaO-Al2O3 inclusion particles Previous studies [2, 5] have reported that impurities in ferroalloys are part of inclusions in the steel. In general, these impurities are made up of the total oxygen, sulfur and phosphorous, trace element impurities and inclusions. A high O content (~0.714%) in FeV alloys can cause an increase in the total oxygen content of the steel. This indicates that a large number of inclusions are possibly introduced by the addition of these FeV alloys to a steel melt. The presence of elements such as Al (~3%) and Ca (~0.25%), which have a strong affinity to oxygen, can lead to the formation of complex inclusions depending on the specific conditions, and therefore special attention should be given to elemental control during the production process of FeV alloys.
In principle, the inclusions from FeV alloys which are larger than a certain size can easily float up after the addition of a FeV alloy to a melt. There are different mechanisms for inclusion removal from liquid steel. Gas and electromagnetic stirring of the melt during the ladle treatment significantly increases the removal rate of non-metallic inclusions due to turbulent collisions and separations of inclusions in the slag by the bulk flow. However, the liquid steel in the ladle is not commonly stirred during transport after the ladle treatment is completed. In this case, the flotation of different non-metallic inclusions in the liquid steel is estimated applying Stoke's law. The calculation results of the flotation distance for Al 2 O 3 and SiO 2 inclusions are shown in Figure 2 . Clearly, the flotation distance increases dramatically with an increased diameter of the inclusion. By assuming that the melt depth in the ladle is 2 m, Al 2 O 3 inclusions (Figure 2a ) larger than 71 µm float up during a 20 min treatment. Therefore, a large amount of Al 2 O 3 inclusions present in FeV alloys stay in the steel melt without a forced stirring. It is well known that Al 2 O 3 inclusions significantly affect the mechanical properties in a negative manner, as well as result in the generation of surface defects [23] . Furthermore, the problem of nozzle clogging in casting operations is frequently related to the presence of solid Al 2 O 3 inclusions [24] . Similarly, solid CaO-Al 2 O 3 (type C) and MgO-Al 2 O 3 (type D) inclusions are also inherited in the steel. Previous studies [25, 26] have reported that solid CaO-Al 2 O 3 inclusion particles are subject to agglomeration and form clusters which, in turn, cause microcracks after rolling. In addition, it is well known that spinel inclusions are harmful to steel quality. Moreover, our analyses show, pure SiO 2 inclusions (Figure 2b ) smaller than 59 µm do not float up during the 20 min treatment. The SiO 2 (type E) and Al 2 O 3 -SiO 2 (type F) inclusions dissolve in steel or react with strong deoxidizers to form complex inclusions [2] , which will be discussed in detail in Section 3.2.
are subject to agglomeration and form clusters which, in turn, cause microcracks after rolling. In addition, it is well known that spinel inclusions are harmful to steel quality. Moreover, our analyses show, pure SiO2 inclusions (Figure 2b ) smaller than 59 µm do not float up during the 20 min treatment. The SiO2 (type E) and Al2O3-SiO2 (type F) inclusions dissolve in steel or react with strong deoxidizers to form complex inclusions [2] , which will be discussed in detail in section 3.2. On the basis of our results, we conclud that pure Al2O3 (type B) and high Al2O3-containing (type C and D) inclusions in FeV alloys easily stay in the steel and they are harmful to the final steel quality. Therefore, it is essential that all the starting materials in aggregates are pure enough to make a high purity FeV alloy, since no process has been developed for selectively removing impurities in vanadium alloys in the metallic state.
Inclusions in FeMo Alloys
Molybdenum provides the necessary hardenability in many heat-treatable alloys, such as pressure vessel steels (0.25% to 0.9%) [27] , and it also improves the corrosion resistance of stainless steels (0.3% to 6%) [28, 29] . In addition, molybdenum promotes the formation of an optimal martensitic matrix in tool steels (up to 3%). The addition of 5-10% Mo effectively maximizes the hardness and toughness of high-speed steels [30] . It was reported that Mo in a small proportion (0.1% to 0.4%) exerted a vigorous effect on the hardenability when it was dissolved in austenite HSLA steels [31] .
Information about the typical inclusions in the investigated FeMo alloys is shown in Table 3 . It illustrates that four types of inclusions were obtained in the FeMo alloys, which are Si-O, Si-Al-Ca-O, Si-Al-O, and Si-Mg-O inclusions. Type A inclusions are almost spherically-shaped SiO2 inclusions, which have a larger range of sizes (5-45 µm) as compared with the other inclusion types. Moreover, the other three types of inclusions have a high silica content. The irregular type B inclusions are made up of SiO2, with the presence of Al2O3 (15-23%) and MgO (2-6%). The remaining two types are SiO2-Al2O3 and SiO2-MgO inclusions containing 23-27% Al2O3 (type C) and 35-37% MgO (type D). The type A inclusions account for approximately half (∽54%) of the total inclusion content. Thereafter, the presence of the others decreases in the following order: type B, type C, and type D inclusions. Pande et al. [5] used the acid extraction method to study the acid-insoluble residues of FeMo alloys. They found that the alloys contained spherical SiO2-Al2O3 and CaO-SiO2-Al2O3 inclusions, however no information on the composition and size analysis was provided. On the basis of our results, we conclud that pure Al 2 O 3 (type B) and high Al 2 O 3 -containing (type C and D) inclusions in FeV alloys easily stay in the steel and they are harmful to the final steel quality. Therefore, it is essential that all the starting materials in aggregates are pure enough to make a high purity FeV alloy, since no process has been developed for selectively removing impurities in vanadium alloys in the metallic state.
Information about the typical inclusions in the investigated FeMo alloys is shown in Table 3 The type A inclusions account for approximately half (~54%) of the total inclusion content. Thereafter, the presence of the others decreases in the following order: type B, type C, and type D inclusions. Pande et al. [5] used the acid extraction method to study the acid-insoluble residues of FeMo alloys. They found that the alloys contained spherical SiO 2 -Al 2 O 3 and CaO-SiO 2 -Al 2 O 3 inclusions, however no information on the composition and size analysis was provided.
Regardless of whether FeMo is produced by Al-reduction, Al-Si-reduction or Si-reduction processes, FeSi or FeSiAl alloys are charged in the process [29] . The most common mineral of molybdenum in concentrates used for the production of FeMo alloys is molybdenite (MoS 2 ). One major impurity in molybdenite is silica, which varies significantly with the ore-dressing degree (from <0.2% to 12% [29] ). In addition to the source of raw materials, it is highly likely to be generated from the reaction process between the added Si and MoO 2 . In this case, it is reasonable to assume that SiO 2 in these raw materials is inherited in FeMo alloys. In addition, silica-containing inclusions may be caused by reactions between SiO 2 and Al and Mg. Regardless of whether FeMo is produced by Al-reduction, Al-Si-reduction or Si-reduction processes, FeSi or FeSiAl alloys are charged in the process [29] . The most common mineral of molybdenum in concentrates used for the production of FeMo alloys is molybdenite (MoS2). One major impurity in molybdenite is silica, which varies significantly with the ore-dressing degree (from <0.2% to 12% [29] ). In addition to the source of raw materials, it is highly likely to be generated from the reaction process between the added Si and MoO2. In this case, it is reasonable to assume that SiO2 in these raw materials is inherited in FeMo alloys. In addition, silica-containing inclusions may be caused by reactions between SiO2 and Al and Mg.
A high content of sulfur is observed in FeMo alloys (0.053%). It is related to oxidated molybdenum concentrates which are used in the initial smelting of FeMo. In addition, the oxygen pick-up in the steel has to be considered during alloying due to the high O content (0.326%), especially for clean steel production. Other trace element impurities should also be considered. These are usually tungsten (0.3% to 0.8%), copper (<0.5% for the highest grade and <2% for the lowest grade), phosphorus (<0.05%), and sulfur (<0.15%) [29] .
With respect to inclusions, the majority of particles are made up of SiO2 inclusions. Lindborg et al. [32] reported that SiO2 inclusions easily collide within the liquid bath and coalesce to form larger inclusions. According to our result (Figure 2b ), pure SiO2 inclusions that are smaller than 59 µm do not float up during 20 min treatment. Therefore, they seriously affect the fatigue properties and impact resistance if they remain in the final product [33] . Perhaps this occurs because they are brittle and have poor deformability due to their large size and high hardness. However, it is unlikely they remain unchanged during the alloying process after the addition of a FeMo alloy.
One common behavior is that the SiO2 inclusions are easily reduced by strong deoxidation elements such as Al, Ca, Ti, depending on the specific steel grade. Consequently, the formed compounds react with other elements to form complex inclusions. In addition, it is apparent that some local zones of liquid steel around the dissolved SiO2 inclusions have higher concentrations of oxygen and silicon immediately after the addition of the FeMo alloy to the melt. In this case, the phenomenon of a new inclusion type forming outside the SiO2 inclusions also occurs. Therefore, regardless of the harmfulness of SiO2 inclusions themselves, they are also harmful to the final steel quality because they represent an oxygen source. Figure 3 shows the floatation distance for type B and type C inclusions where inclusions larger than 60 µm can be removed from the melt and as a result all type B and C inclusions do not float up from the liquid steel during a 15-20 min treatment time without melt stirring. The melting points of type B inclusions are about 1183 °C according to the calculations using FactSage 7.1. In addition, the calculated melting points of type C and type D silicate inclusions are 1531 °C and 1547 °C, respectively. These inclusions will stay liquid when added into the steel, but they belong to high SiO2-containing (>70%) inclusions. In this case, they are located outside the low melting area in the MgOAl2O3-SiO2 phase diagram [34] and further modifications are needed. However, some chemical changes can happen depending on the specific steelmaking conditions. Usually, Al2O3-SiO2 system Regardless of whether FeMo is produced by Al-reduction, Al-Si-reduction or Si-reduction processes, FeSi or FeSiAl alloys are charged in the process [29] . The most common mineral of molybdenum in concentrates used for the production of FeMo alloys is molybdenite (MoS2). One major impurity in molybdenite is silica, which varies significantly with the ore-dressing degree (from <0.2% to 12% [29] ). In addition to the source of raw materials, it is highly likely to be generated from the reaction process between the added Si and MoO2. In this case, it is reasonable to assume that SiO2 in these raw materials is inherited in FeMo alloys. In addition, silica-containing inclusions may be caused by reactions between SiO2 and Al and Mg.
One common behavior is that the SiO2 inclusions are easily reduced by strong deoxidation elements such as Al, Ca, Ti, depending on the specific steel grade. Consequently, the formed compounds react with other elements to form complex inclusions. In addition, it is apparent that some local zones of liquid steel around the dissolved SiO2 inclusions have higher concentrations of oxygen and silicon immediately after the addition of the FeMo alloy to the melt. In this case, the phenomenon of a new inclusion type forming outside the SiO2 inclusions also occurs. Therefore, regardless of the harmfulness of SiO2 inclusions themselves, they are also harmful to the final steel quality because they represent an oxygen source. Figure 3 shows the floatation distance for type B and type C inclusions where inclusions larger than 60 µm can be removed from the melt and as a result all type B and C inclusions do not float up from the liquid steel during a 15-20 min treatment time without melt stirring. The melting points of type B inclusions are about 1183 °C according to the calculations using FactSage 7.1. In addition, the calculated melting points of type C and type D silicate inclusions are 1531 °C and 1547 °C, respectively. These inclusions will stay liquid when added into the steel, but they belong to high SiO2-containing (>70%) inclusions. In this case, they are located outside the low melting area in the MgOAl2O3-SiO2 phase diagram [34] and further modifications are needed. However, some chemical changes can happen depending on the specific steelmaking conditions. Usually, Al2O3-SiO2 system A high content of sulfur is observed in FeMo alloys (0.053%). It is related to oxidated molybdenum concentrates which are used in the initial smelting of FeMo. In addition, the oxygen pick-up in the steel has to be considered during alloying due to the high O content (0.326%), especially for clean steel production. Other trace element impurities should also be considered. These are usually tungsten (0.3% to 0.8%), copper (<0.5% for the highest grade and <2% for the lowest grade), phosphorus (<0.05%), and sulfur (<0.15%) [29] .
With respect to inclusions, the majority of particles are made up of SiO 2 inclusions. Lindborg et al. [32] reported that SiO 2 inclusions easily collide within the liquid bath and coalesce to form larger inclusions. According to our result (Figure 2b ), pure SiO 2 inclusions that are smaller than 59 µm do not float up during 20 min treatment. Therefore, they seriously affect the fatigue properties and impact resistance if they remain in the final product [33] . Perhaps this occurs because they are brittle and have poor deformability due to their large size and high hardness. However, it is unlikely they remain unchanged during the alloying process after the addition of a FeMo alloy.
One common behavior is that the SiO 2 inclusions are easily reduced by strong deoxidation elements such as Al, Ca, Ti, depending on the specific steel grade. Consequently, the formed compounds react with other elements to form complex inclusions. In addition, it is apparent that some local zones of liquid steel around the dissolved SiO 2 inclusions have higher concentrations of oxygen and silicon immediately after the addition of the FeMo alloy to the melt. In this case, the phenomenon of a new inclusion type forming outside the SiO 2 inclusions also occurs. Therefore, regardless of the harmfulness of SiO 2 inclusions themselves, they are also harmful to the final steel quality because they represent an oxygen source. Figure 3 shows the floatation distance for type B and type C inclusions where inclusions larger than 60 µm can be removed from the melt and as a result all type B and C inclusions do not float up from the liquid steel during a 15-20 min treatment time without melt stirring. The melting points of type B inclusions are about 1183 • C according to the calculations using FactSage 7.1. In addition, the calculated melting points of type C and type D silicate inclusions are 1531 • C and 1547 • C, respectively. These inclusions will stay liquid when added into the steel, but they belong to high SiO 2 -containing (>70%) inclusions. In this case, they are located outside the low melting area in the MgO-Al 2 O 3 -SiO 2 phase diagram [34] and further modifications are needed. However, some chemical changes can happen depending on the specific steelmaking conditions. Usually, Al 2 O 3 -SiO 2 system inclusions are the product of first stage deoxidation, which easily change to high alumina-based silicate inclusions [35] or low melting temperature CaO-Al 2 O 3 -SiO 2 -MgO-based inclusions [36] . Therefore, the effect of inclusions from a FeMo alloy on the final steel quality varies with the steel grade or steel production process. inclusions are the product of first stage deoxidation, which easily change to high alumina-based silicate inclusions [35] or low melting temperature CaO-Al2O3-SiO2-MgO-based inclusions [36] . Therefore, the effect of inclusions from a FeMo alloy on the final steel quality varies with the steel grade or steel production process. On the basis of our results, we conclud that pure SiO2 (type A) and high SiO2-containing (type B and C) inclusions in FeMo alloys are harmful to the final steel quality. According to the Fe-Mo phase diagram [29] such an alloy has a liquidus temperature of over 1800 °C. A high melting point temperature and a high alloy density (9400 kg m −3 ) make it a challenge to add FeMo lumps into molten steel. Thus, FeMo alloys should be added at an early stage to provide sufficient time for the flotation and removal of inclusions.
Inclusions in FeB Alloys
Boron microalloying is one of the most promising trends to increase the qualitative characteristics of steels (0.0015-0.003% B), i.e., high hardenability [37] , toughness [38] , and machinability [39] . It is widely used in high-strength and wear-resistant steels, low alloy corrosionresistant tube steels, and a number of grades of killed and unkilled carbon steels [11, [40] [41] [42] [43] . The two alloying elements that prominently assist the occurrence of the austenite-to-ferrite transformation at temperatures below 700 °C in HSLA steel are molybdenum and boron [44] . Ferroboron does not contain appreciable concentrations of protective elements, therefore, it requires greater care than the proprietary alloys in order to give adequate results. It is normally added after other oxygen and nitrogen scavengers, such as ferrotitanium [45] .
The characteristics of inclusions found in the investigated FeB alloys are shown in Table 4 On the basis of our results, we conclud that pure SiO 2 (type A) and high SiO 2 -containing (type B and C) inclusions in FeMo alloys are harmful to the final steel quality. According to the Fe-Mo phase diagram [29] such an alloy has a liquidus temperature of over 1800 • C. A high melting point temperature and a high alloy density (9400 kg m −3 ) make it a challenge to add FeMo lumps into molten steel. Thus, FeMo alloys should be added at an early stage to provide sufficient time for the flotation and removal of inclusions.
Boron microalloying is one of the most promising trends to increase the qualitative characteristics of steels (0.0015-0.003% B), i.e., high hardenability [37] , toughness [38] , and machinability [39] . It is widely used in high-strength and wear-resistant steels, low alloy corrosion-resistant tube steels, and a number of grades of killed and unkilled carbon steels [11, [40] [41] [42] [43] . The two alloying elements that prominently assist the occurrence of the austenite-to-ferrite transformation at temperatures below 700 • C in HSLA steel are molybdenum and boron [44] . Ferroboron does not contain appreciable concentrations of protective elements, therefore, it requires greater care than the proprietary alloys in order to give adequate results. It is normally added after other oxygen and nitrogen scavengers, such as ferrotitanium [45] .
The characteristics of inclusions found in the investigated FeB alloys are shown in Table 4 The particle size distributions of type A, type B, and type C inclusions are shown in Figure 4 and it illustrates that the number of type A inclusions per unit volume is much larger than that of type B inclusions with a size range of 1-12 µm. However, the average size of type B inclusions is larger than that of type A inclusions. In addition, the total number of type C inclusions per unit volume is smaller than that of type A inclusions, but they have the largest average size of the three inclusion types. FeB is processed in electric furnaces by reduction with either aluminum or carbon. The main part of the charge is composed of borate ore (B2O3) and aluminum chips in the aluminum reduction process [42] . In addition, different percentages of iron ore (Fe2O3) and lime are mixed together depending on the ferroboron grade required. The Al2O3 inclusions and the almost pure SiO2 inclusions are mostly derived from raw materials. As these inclusions have very poor deformability and have shapes containing sharp angles, the behavior of the Al2O3 and SiO2 inclusions were discussed in the FeV and FeMo alloys above. During the melting process of alloy production, the difference in the flow of molten metal and the density of the inclusions result in collisions and associations between various types of inclusions [46, 47] . Furthermore, this leads to the generation of irregularly-shaped complex inclusions by binding them together or through chemical reactions. The formation of type B inclusions is explained from this point. Moreover, these types of inclusions are similar to type C inclusions found in FeMo alloys, which are discussed above. The melting point of type D inclusion is 1369 °C. It is assumed that FeO has little effect on the cleanliness of steel because it is completely dissolved when added to the steel. However, it does act as a source of oxygen, which promotes the formation of other inclusion types in the melt. The particle size distributions of type A, type B, and type C inclusions are shown in Figure 4 and it illustrates that the number of type A inclusions per unit volume is much larger than that of type B inclusions with a size range of 1-12 µm. However, the average size of type B inclusions is larger than that of type A inclusions. In addition, the total number of type C inclusions per unit volume is smaller than that of type A inclusions, but they have the largest average size of the three inclusion types. FeB is processed in electric furnaces by reduction with either aluminum or carbon. The main part of the charge is composed of borate ore (B2O3) and aluminum chips in the aluminum reduction process [42] . In addition, different percentages of iron ore (Fe2O3) and lime are mixed together depending on the ferroboron grade required. The Al2O3 inclusions and the almost pure SiO2 inclusions are mostly derived from raw materials. As these inclusions have very poor deformability and have shapes containing sharp angles, the behavior of the Al2O3 and SiO2 inclusions were discussed in the FeV and FeMo alloys above. During the melting process of alloy production, the difference in the flow of molten metal and the density of the inclusions result in collisions and associations between various types of inclusions [46, 47] . Furthermore, this leads to the generation of irregularly-shaped complex inclusions by binding them together or through chemical reactions. The formation of type B inclusions is explained from this point. Moreover, these types of inclusions are similar to type C inclusions found in FeMo alloys, which are discussed above. The melting point of type D inclusion is 1369 °C. It is assumed that FeO has little effect on the cleanliness of steel because it is completely dissolved when added to the steel. However, it does act as a source of oxygen, which promotes the formation of other inclusion types in the melt. The particle size distributions of type A, type B, and type C inclusions are shown in Figure 4 and it illustrates that the number of type A inclusions per unit volume is much larger than that of type B inclusions with a size range of 1-12 µm. However, the average size of type B inclusions is larger than that of type A inclusions. In addition, the total number of type C inclusions per unit volume is smaller than that of type A inclusions, but they have the largest average size of the three inclusion types. FeB is processed in electric furnaces by reduction with either aluminum or carbon. The main part of the charge is composed of borate ore (B2O3) and aluminum chips in the aluminum reduction process [42] . In addition, different percentages of iron ore (Fe2O3) and lime are mixed together depending on the ferroboron grade required. The Al2O3 inclusions and the almost pure SiO2 inclusions are mostly derived from raw materials. As these inclusions have very poor deformability and have shapes containing sharp angles, the behavior of the Al2O3 and SiO2 inclusions were discussed in the FeV and FeMo alloys above. During the melting process of alloy production, the difference in the flow of molten metal and the density of the inclusions result in collisions and associations between various types of inclusions [46, 47] . Furthermore, this leads to the generation of irregularly-shaped complex inclusions by binding them together or through chemical reactions. The formation of type B inclusions is explained from this point. Moreover, these types of inclusions are similar to type C inclusions found in FeMo alloys, which are discussed above. The melting point of type D inclusion is 1369 °C. It is assumed that FeO has little effect on the cleanliness of steel because it is completely dissolved when added to the steel. However, it does act as a source of oxygen, which promotes the formation of other inclusion types in the melt. The particle size distributions of type A, type B, and type C inclusions are shown in Figure 4 and it illustrates that the number of type A inclusions per unit volume is much larger than that of type B inclusions with a size range of 1-12 µm. However, the average size of type B inclusions is larger than that of type A inclusions. In addition, the total number of type C inclusions per unit volume is smaller than that of type A inclusions, but they have the largest average size of the three inclusion types. FeB is processed in electric furnaces by reduction with either aluminum or carbon. The main part of the charge is composed of borate ore (B2O3) and aluminum chips in the aluminum reduction process [42] . In addition, different percentages of iron ore (Fe2O3) and lime are mixed together depending on the ferroboron grade required. The Al2O3 inclusions and the almost pure SiO2 inclusions are mostly derived from raw materials. As these inclusions have very poor deformability and have shapes containing sharp angles, the behavior of the Al2O3 and SiO2 inclusions were discussed in the FeV and FeMo alloys above. During the melting process of alloy production, the difference in the flow of molten metal and the density of the inclusions result in collisions and associations between various types of inclusions [46, 47] . Furthermore, this leads to the generation of irregularly-shaped complex inclusions by binding them together or through chemical reactions. The formation of type B inclusions is explained from this point. Moreover, these types of inclusions are similar to type C inclusions found in FeMo alloys, which are discussed above. The melting point of type D inclusion is 1369 °C. It is assumed that FeO has little effect on the cleanliness of steel because it is completely dissolved when added to the steel. However, it does act as a source of oxygen, which promotes the formation of other inclusion types in the melt. The particle size distributions of type A, type B, and type C inclusions are shown in Figure 4 and it illustrates that the number of type A inclusions per unit volume is much larger than that of type B inclusions with a size range of 1-12 µm. However, the average size of type B inclusions is larger than that of type A inclusions. In addition, the total number of type C inclusions per unit volume is smaller than that of type A inclusions, but they have the largest average size of the three inclusion types. The particle size distributions of type A, type B, and type C inclusions are shown in Figure 4 and it illustrates that the number of type A inclusions per unit volume is much larger than that of type B inclusions with a size range of 1-12 µm. However, the average size of type B inclusions is larger than that of type A inclusions. In addition, the total number of type C inclusions per unit volume is smaller than that of type A inclusions, but they have the largest average size of the three inclusion types. FeB is processed in electric furnaces by reduction with either aluminum or carbon. The main part of the charge is composed of borate ore (B2O3) and aluminum chips in the aluminum reduction process [42] . In addition, different percentages of iron ore (Fe2O3) and lime are mixed together depending on the ferroboron grade required. The Al2O3 inclusions and the almost pure SiO2 inclusions are mostly derived from raw materials. As these inclusions have very poor deformability and have shapes containing sharp angles, the behavior of the Al2O3 and SiO2 inclusions were discussed in the FeV and FeMo alloys above. During the melting process of alloy production, the difference in the flow of molten metal and the density of the inclusions result in collisions and associations between various types of inclusions [46, 47] . Furthermore, this leads to the generation of irregularly-shaped complex inclusions by binding them together or through chemical reactions. The formation of type B inclusions is explained from this point. Moreover, these types of inclusions are similar to type C inclusions found in FeMo alloys, which are discussed above. The melting point of type D inclusion is 1369 °C. It is assumed that FeO has little effect on the cleanliness of steel because it is completely dissolved when added to the steel. However, it does act as a source of oxygen, which promotes the formation of other inclusion types in the melt. FeB is processed in electric furnaces by reduction with either aluminum or carbon. The main part of the charge is composed of borate ore (B 2 O 3 ) and aluminum chips in the aluminum reduction process [42] . In addition, different percentages of iron ore (Fe 2 O 3 ) and lime are mixed together depending on the ferroboron grade required. The Al 2 O 3 inclusions and the almost pure SiO 2 inclusions are mostly derived from raw materials. As these inclusions have very poor deformability and have shapes containing sharp angles, the behavior of the Al 2 O 3 and SiO 2 inclusions were discussed in the FeV and FeMo alloys above. During the melting process of alloy production, the difference in the flow of molten metal and the density of the inclusions result in collisions and associations between various types of inclusions [46, 47] . Furthermore, this leads to the generation of irregularly-shaped complex inclusions by binding them together or through chemical reactions. The formation of type B inclusions is explained from this point. Moreover, these types of inclusions are similar to type C inclusions found in FeMo alloys, which are discussed above. The melting point of type D inclusion is 1369 • C. It is assumed that FeO has little effect on the cleanliness of steel because it is completely dissolved when added to the steel. However, it does act as a source of oxygen, which promotes the formation of other inclusion types in the melt.
The influence of boron (B) as an alloying element in steelmaking is associated with the formation of boron nitrides and iron borides [40] . Boron is an exceptionally active element, since it can easily be oxidized and bound in nitrides by small amounts of oxygen and nitrogen concentrations in the steel. Zhuchkov et al. [40] compared the inclusion characteristics of steel micro-alloyed with and without B under laboratory conditions. Their results showed that the total number of inclusions increased in the boron-containing samples. However, the sizes of inclusions were significantly smaller than the samples without boron additions [11, 40] . Some researchers [40, 41] reported that it is better to introduce B simultaneously with other alloying elements (Nb, V, Mn, Si) to form strong compounds with O and N in steel to prevent their interaction with boron. In addition, FeB alloys are usually added during the final stage of well-deoxidized steel to get an optimized alloying result [42] . From this point of view, inclusions (such as Al 2 O 3 and silicates) in FeB alloys do not have enough time to be removed from the melt. Therefore, these inclusions from the FeB alloys are deleterious to the steel quality.
Inclusions in FeCr Alloys
Chromium is one of the most versatile and widely used alloying elements in many steels and alloys, on account of the special properties chromium imparts to these materials. It is an irreplaceable constituent in all stainless steels (up to 27% of Cr) to provide a basic corrosion resistance [28] . It not only finds applications in stainless steels but it is also used in a range of construction and tool steels. An addition of 1% Cr increases the yield strength by approximately 50% and the toughness by 15% in heat-treatable engineering steel grades [27] . A high carbon FeCr (6-8% C) remains the most widely used chromium addition for the production of stainless and special alloy steels. However, low carbon FeCr alloys (0.01-0.25% C), once quite common, are now added mostly for final chemical adjustments in the production of steel.
It should be pointed out that composition, number, and size of non-metallic inclusions in the same type of ferroalloys is slightly different due to inhomogeneities of the raw materials and due to differences in the production processes. Typical SEM photographs and compositions of the inclusions observed after electrolytic extraction in three FeCr alloys are shown in Table 5 O, Cr-Si-Mn-Al-O, and Cr-Mg-Al-O inclusions. Type A inclusions are polyhedral MnO-Cr2O3 inclusions and type B inclusions are almost pure irregular Al2O3 inclusions. Furthermore, type C inclusions are lump-like Si-Al-Ca-Mg-O inclusions, which are liquid at steelmaking temperatures due to their low melting points (about 1300-1400 °C according to the calculations using FactSage 7.1). Type D inclusions are irregularly-shaped pure Cr2O3 inclusions. Moreover, type E inclusions are made up of Cr2O3 with SiO2 (33-46%), MnO (5-8%), and Al2O3 (1-3%). Finally, type F inclusions contain Cr2O3 with MgO (18-27%) and Al2O3 (6-26%). The percentages and size ranges of oxide inclusions are compared for three FeCr alloys, as shown in Figure Type A (MnO-Cr2O3) inclusions were observed by Vorob'ev [3] , but they did not provide detailed information (morphology, size, composition) on the type of inclusion. The particle size Type A (MnO-Cr2O3) inclusions were observed by Vorob'ev [3] , but they did not provide detailed information (morphology, size, composition) on the type of inclusion. The particle size Type A (MnO-Cr2O3) inclusions were observed by Vorob'ev [3] , but they did not provide detailed information (morphology, size, composition) on the type of inclusion. The particle size The percentages and size ranges of oxide inclusions are compared for three FeCr alloys, as shown in Figure 5 Type A (MnO-Cr2O3) inclusions were observed by Vorob'ev [3] , but they did not provide detailed information (morphology, size, composition) on the type of inclusion. The particle size distributions of type A inclusions in three FeCr alloys are shown in Figure 6 . The number of type A inclusions per unit volume has the largest value in the FeCr-1 alloy and the smallest value in the FeCr-2 alloy. In addition, type C and type D inclusions were also reported in the previous article [8] . The size ranges of type C (5-37 µm) and D inclusions (5-34 µm) are similar to the reported data, which are 3-28 µm and 6-30 µm, respectively. In addition, apart from these, type B (Al2O3), type E (Cr-Si-Mn-Al-O), and type F (Cr-Mg-Al-O) inclusions have not been reported yet. Moreover, the Type A (MnO-Cr 2 O 3 ) inclusions were observed by Vorob'ev [3] , but they did not provide detailed information (morphology, size, composition) on the type of inclusion. The particle size distributions of type A inclusions in three FeCr alloys are shown in Figure 6 . The number of type A inclusions per unit volume has the largest value in the FeCr-1 alloy and the smallest value in the FeCr-2 alloy. In addition, type C and type D inclusions were also reported in the previous article [8] . The size ranges of type C (5-37 µm) and D inclusions (5-34 µm) are similar to the reported data, which are 3-28 µm and 6-30 µm, respectively. In addition, apart from these, type B (Al 2 O 3 ), type E (Cr-Si-Mn-Al-O), and type F (Cr-Mg-Al-O) inclusions have not been reported yet. Moreover, the differences with respect to the inclusion types in different FeCr alloys are closely related to the production processes and raw materials.
Metals 2019, 9, x FOR PEER REVIEW 12 of 16 differences with respect to the inclusion types in different FeCr alloys are closely related to the production processes and raw materials. The basic raw charge materials for the production of low-carbon FeCr are Cr2O3, FeSiCr, and lime or high-carbon FeCr. Theoretically, the reaction of chromium oxide with aluminum leads to the formation of metallic chromium and aluminum oxide. Type A (MnO-Cr2O3) inclusions occasionally lead to poor flushing of the non-metallics [48] , which causes nozzle clogging. Moreover, analysis of tensile fracture surfaces indicates a shift of failure initiation sites from MnCr2O4 phases, which can cause surface cracks [49] . Therefore, the presence of MnO-Cr2O3 inclusions in steels might partly originate from the FeCr alloy.
The effect of type B (Al2O3) inclusions on the steel quality have been discussed above, and they are considered as harmful inclusions. Type C (Al-Si-Ca-Mg-O) inclusions are assumed to originate from the slag, which is created during the FeCr production [8] . They belong to plastic inclusions and stay liquid in the melt. Figure 7 presents the floatation distance of type A and type C inclusions. As can be seen, inclusions larger than 87 µm and 58 µm float up from the ladle to the slag without stirring for type A and type C inclusions, respectively. Therefore, most particles inhabit in the steel and stay in it. The basic raw charge materials for the production of low-carbon FeCr are Cr 2 O 3 , FeSiCr, and lime or high-carbon FeCr. Theoretically, the reaction of chromium oxide with aluminum leads to the formation of metallic chromium and aluminum oxide. Type A (MnO-Cr 2 O 3 ) inclusions occasionally lead to poor flushing of the non-metallics [48] , which causes nozzle clogging. Moreover, analysis of tensile fracture surfaces indicates a shift of failure initiation sites from MnCr 2 O 4 phases, which can cause surface cracks [49] . Therefore, the presence of MnO-Cr 2 O 3 inclusions in steels might partly originate from the FeCr alloy.
The effect of type B (Al 2 O 3 ) inclusions on the steel quality have been discussed above, and they are considered as harmful inclusions. Type C (Al-Si-Ca-Mg-O) inclusions are assumed to originate from the slag, which is created during the FeCr production [8] . They belong to plastic inclusions and stay liquid in the melt. Figure 7 presents the floatation distance of type A and type C inclusions. As can be seen, inclusions larger than 87 µm and 58 µm float up from the ladle to the slag without stirring for type A and type C inclusions, respectively. Therefore, most particles inhabit in the steel and stay in it.
The effect of type B (Al2O3) inclusions on the steel quality have been discussed above, and they are considered as harmful inclusions. Type C (Al-Si-Ca-Mg-O) inclusions are assumed to originate from the slag, which is created during the FeCr production [8] . They belong to plastic inclusions and stay liquid in the melt. Figure 7 presents the floatation distance of type A and type C inclusions. As can be seen, inclusions larger than 87 µm and 58 µm float up from the ladle to the slag without stirring for type A and type C inclusions, respectively. Therefore, most particles inhabit in the steel and stay in it. The calculated melting point for type A inclusions is about 1583 • C, and the percentage of the liquid phase at steelmaking temperatures of 1600 • C is about 42%. Similarly, type E and type F inclusions have a 26% and a 24% liquid phase under the same condition, according to the calculations by Factsage 7.1. The source might be the refractory chromium oxide [3] . Their dissolution is controlled by the rate of mass transfer between a solid and a liquid. In addition, additional research is required to determine whether they dissolve or not after being added to steel. Type D (Cr 2 O 3 ) inclusions have a higher melting point (about 2400 • C) than the steelmaking temperature. They have an effect on the cleanliness of steel, especially at a late addition just before casting [8] . However, these Cr 2 O 3 -containing inclusions react with Al and Ca in steel melt to form new complex inclusions, which depends on the specific steelmaking conditions.
In conclusion, MnO-Cr 2 O 3 (type A), Al 2 O 3 (type B), and Cr 2 O 3 -based inclusions (type D, E and type F) are listed as harmful inclusions in FeCr alloys. Therefore, these inclusions should be given special attention in order to avoid them during the production process.
The Influence of Ferroalloy Addition on the Steel Quality
According to the above discussion and results from previous researchers [2] [3] [4] [5] [6] [8] [9] [10] , the factors of ferroalloy affecting final steel quality are summarized, as shown in Figure 8 . The sequence of ferroalloy additions is chosen based on its affinity to oxygen to get the optimized alloying result, e.g., FeB alloy. Physical properties are also of great consideration since the density, melting temperature, and lump size affect the melting behavior of the ferroalloys in the melt. The melting point is related to the rate and completeness of assimilation of elements by the alloy. Usually, ferroalloys with a high melting point should be added at an early stage, e.g. FeMo and FeV alloys. The size of the ferroalloy pieces to be added determines the dissolution time of ferroalloys in steel and the method and sequence of addition should be optimized by industrial tests. Elemental impurities in ferroalloy have a large effect on the formation of inclusions in steel, e.g., a high Al content in FeV alloy. It is important to know the oxygen, sulfur, and phosphor contents, since they can have a direct influence on the steel cleanliness. In addition, some trace elements such as Pb, Sn, Sb, Zn, and Bi should also be considered since they might have an effect on the final steel properties [6] . 
Conclusions
Inclusion characteristics (such as morphology, composition, and size distribution) were analyzed in four commercial ferroalloys using an EE method followed by a SEM-EDS characterization. The information obtained in this study contributes to a better understanding of the influence of inclusions in ferroalloys on later steel quality. On the basis of the obtained results, the following conclusions are made:
(1) The EE method can successfully be applied to investigate the inclusion characteristics in ferroalloys (FeV, FeMo, FeB and FeCr).
(2) The main inclusion types in FeV alloys are Al2O3 and vanadium carbides. Especially, pure Al2O3 and high Al2O3-containing inclusions are harmful to the final steel quality.
(3) The main inclusion types in FeMo alloys are pure SiO2 inclusions. Especially, pure SiO2 and high SiO2-containing inclusions in FeMo alloys are harmful to the final steel quality. Overall, the non-metallic inclusions in ferroalloys play a vital role in determining the final steel quality. Apart from flotation and removal of inclusions by slag, the behavior of them in liquid steels is divided into different groups depending on the thermodynamic stability of the inclusions at the specific steelmaking conditions. At the steelmaking temperature, the inclusions from ferroalloy are stable and remain solid or liquid in the steel. Some possible behaviors of these inclusions that occur in steel include the following: (1) they are present in the cast steel without any changes because they are not completely removed during the ladle refining, (2) they dissolve in the steel which introduces new inclusions due to the dissolved elements from the ferroalloys, (3) they are reduced by elements with a strong affinity to oxygen or they react with other inclusions to form complex ones, (4) they act as nucleation and growth sites for newly inclusions, (5) they collide with each other and form clusters, (6) they float up and are removed by slag. With respect to the intermetallic inclusions, most of them are assumed to dissolve in the steel. However, some particles, such as a pure Nb phase, do not melt and should also be considered [2] . Thus, we should consider the changes of all these parameters after the addition of ferroalloys to a steel melt. Further studies are needed to be carried out to understand the contribution of each factor in the future.
(1) The EE method can successfully be applied to investigate the inclusion characteristics in ferroalloys (FeV, FeMo, FeB and FeCr). on the cleanliness of the ferroalloys as well as the specific steel grades and steelmaking conditions. Thus, optimizations need to be done for each steel grade.
